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SUMMARY

The Space Shuttle air data system (ADS) is used by the guidance, navigation
and control system (GN&C) to guide the vehicle to a safe landing. In addition,
postflight aerodynamic analysis requires a precise knowledge of flight conditions.
Since the orbiter is essentially an unpowered vehicle, the conventional methods of
obtaining the ADS calibration were not available; therefore, the calibration was
derived using a unique and extensive wind tunnel test program. This test program
included aubsonic tests with a 0.36-scale orbiter model, transonic and supersonic
tests with a smaller 0.2-scale model, and numerous ADS probe-alone tests. The wind
tunnel calibration was further refined with subsonic results from the approach and
landing test {ALT) program, thus producing the ADS calibration for the orbital
flight test (OFT) program.

The calibration of the Space Shuttle ADS and its performance during flight are
discussed in this paper. A brief description of the system is followed by a dis~
cussion of the calibration methodology, and then by a review of the wind tunnel and
flight test programs. Finally, the flight results are presented, includirg an
evaluation of the system performance for on-board systems use and a description of
the calibration refinements developed to provide the best possible air data for
postflight analy$is work.

INTRODUCTION

The Space Shuttle orbiter is a unique vehicle. Its primary mission is to
deliver payloads to near—earth orbit and returm, landing like a conventional air-
craft. Upon entry, the orbiter must maintain its stsbility and control over an
extensive flight regime. During a typical flight, the Mach number may vary from 27
at entry to 0.25 at landing, with the angle of attack ranging from 40 to 0 degrees.
Since the vehicle is unpowered, accurate air data is crucial to enable it to make a
safe landing.

In many ways, the Space Shuttle orbiter ADS is a typical ADS. It uses two
fuselage—mounted prayif to measure local flow conditions. Freestream conditions,
such as Mach number, Shgle of attack, and altitude are computed using previously
derived calibration algorithms. The freestream conditions are used by the GIN&C
system and are also displayed to the crew. In addition, air data is used exten-
sively during postflight aerodynamic analysis of the Shuttle.
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Since the orbiter is an unpowered air vehicle, the traditional ADS flight
calibration methods, e.g., Pacer aircraft and tower-fly-by are not possible; there-
fore, an extremely couprehensive wind tunnel test program was developed to obtain
the necessarv data to derive the calibratiom. The wind tumnel data were merged
with data obtained during the ALT program to produce an on-board calibration for
OFT and a nore accuratr cclibration for postflight aerodynamic analysis. Results
from the OFT program indicated that the on-board (general purpose ccmputer [GPC])
calibration easily met the specified requirements. These results were also used in
an extensive effort to rcfinme the postflight calibration in orde= to provide the
best possible data Sor postflight aerodynamic aralysis.

ADS DESCRIPTION

A sketch of the orbiter ADS probes illustrating their location on the orbiter
uoge jis shown in figure 1. There are two probes, one on either side of the vehi-
cle. They are sacured to rotating doors that allow them to be stowed (and thus
protected) during ascent, orbit, and reentry. After reentry, the probes are
deployed when the orbiter has slowed to approximately Mach 3.5. Each probe
includes a semispherical head with three pressure ports, as seen in figure 1. The
center port (Pgc) gives an indication of total pressure and senses local total pres-
sure when the probe is aligned with the local flow field. The upper and lower
ports (Py and P.) are semsitive to local flow angle. In addition, several static
pressure ports (Py) are located aft on the probe shaft, and a total temperature
sensor is located at the rear.

The probes are connected to four air data transducer assemblies (ADTA),
redundant pairs per side, through pneumatic lines. The ADTA house sensitive
pressure transducers that comvert the probe-measured pressures to electrical sig-
nals. Using the ADS calibratioms, the GPC prccesses the ADTA signals to provide
the basic air data parameters: static pressure, total pressure, and angle of
attack (also total temperature). From these basic parameters, Mach number, dynamic
pressure, pressure altitude, equivalent airspeed, and true airspeed arc computed.

ADS CALIBRATION DESCRIPTION

The ADS calibration relates a set of conditions tkat cannot be measured
directly during flight (i.e., Mach number, angle of attack. and altitude) to a set
of parameters that can be measured (i.e., probe total, static, upper and lower
pressures, and total temperature). In the wind tunnel, specific freestream condi-
tions (i.e., static and total pressure, angle of attack, and sideslip) are known to
a relatively high degree of accuracy. During a wind tunnel test these conditicns
are held constant, while the probe pressures ire carefully measured and recorded.
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The development of the ADS calibration involved deriving = set of calibration
parameters that relate the freestream conditions to the probe-measured conditioms,
vsing the wind tumnel derived data base (later merged with flizht results). From
the freestream conditions, the various air data parameters (Mach number, altitude,
etc.) can be computed using basic aerodynamic equations. A flow chart illustrating
the ADS calibration and showing how the above freestresm psrameters are computed is
presented in figure 2.

Since the probe measurements are aifected by the presence of the orbiter, it
is not possible to measure freestream static and total pressure (Pw and Pr.)
directly. Thus the error, or decrement from the actual value, was put in non-
dimensional form and designated CPSD and CPID. Freestream angle of attack also
cannot be measured directly; therefore, a pressure parameter (RAX) was developed to
provide an indication of angle of attack. The equations describing these parame-
ters are presented below with typical calibratiom curves shown in figure 3.

e Static pressure decrement

Py = Py
CPSD = ————
Pc - Py
e Total pressure decrement
Pc - PT;:)
CPTD = —————
Pc -~ Py
& Angle-of-attack parameter
. PL - Pg
RAX =

Pe - 1/2(PL+P0) .

Note that CPSD and CPTD relate freestream static and total pressure to Py and
Pc» respectively, while RAX has a fairly linear relationship with angle of attack
and exhibits good sensitivity. The wind tunnel data were used to derive a set of
polynomial equations of the type shown below, which describe angle of attack as a
function of RAX, and CPSD and CPTD as functions of angle of attack.

T(X) = A0 + AL(X) + A2(X)Z + A3(X)3 + A4(x)%
where
Y(X) = aggp(RAX)

cPsDlagrp)
CPTD(a ORB)
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These equations are ar a constant Mach number with a linear interpolation used
between Mach numbers. For the on-board calibration, software storage restrictions
limited the equations to fourth order, with the entire calibratiom utilizing 196
coefficients. On the other hand, the postflight calibration had no restrictions
and thus resulted in a more complex calibration with over 600 coefficients.

Using these equstions, the freestream values of static and tctal pressure are
computed. Finally, using Py and Pp_, the various air data parameters are computed
(i.e., Mach number, pressure altitude, dynamic pressure, and equivalent airspeed).
Note that since the ADS calibration parameters (RAX, CPSD, and CPTD) are modeled as
functions of Mach number it is necessary to make an initisl guess at the Mach num-
ber and use the equations to converge on the actual value.

SYSTEM REQUIREMENTS

Since air data is used extensively in the orbiter GN&C system, the ADS
requirements are based on the GN&C requirements. These sre shown in table I. The
orbiter flight control system divides the atmospheric portion of the Shuttle flight
into three parts: entry, terminal area energy management (TAEM), and approach and
landing (A/L). Each area has specific requirements for air data parameters such as
Mach number, altitude, and angle of attack, a3 shown in table I. It should be
noted that these are specified system requirements. Postflight analysis accuracy
needs are more stringent; hence, much effort was expended to provide postflight air
data that is as accurate as the system will allcw.

WIND TUNNEL TEST PROGRAM

Most aircraft ADS's have the advantage of bein. r librated during flight.

Standard techniques involve flying the aircraft at a . :tant altitnde past a known
ground station or paced by amcther aircraft with a} - 8. Since these tech-
niques were not available to the orbiter air vehicle imited flight calibra-
tion must be supplemented by wind tunnel teste that «er flight envelope extremes

not encompassed by the flight test program. Consequen_ly, the orbiter ADS wind
tunnel calibration program was necessarily comprehensive.

The wind tunnel program was divided into two distinct parts: tests with the
probes mounted on an orbiter model to relate probe response to orbiter freestream
conditions, and probe—alome tests to evaluate the probe response to local flow
field conditions. The extent of the wind tunmel test program is shown in tables II
and III.

The initial ADS calibration wind tumnel tests, with the probes mounted om the
orbiter, were performed in order to derive an ADS calibratioa for Orbiter 101 for
ugse during ALT. Since Orbiter 10l was unpowered, it would not exceed subsonic
velocities; hence, the Orbiter 101 ADS calibration was lirited to the Mach range of
0.25 to 0.7. Data at Mach 0.25 were obtained using a 0.36-scale orbiter model,
ccaplete with scaled air data probes. The model was large enough that the ADS side
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probes could be accurately simulated; however, because of its size, it could only
be tested in the Ames Research Center (ARC) 40 by 80-Foot Wind Tunnel. Because
of this, only low speed (Mach = 0.25) data could be obtained.

In order to obtain data at the higher Mach mmbers, a much smaller model was
used. It was determined that the 0.2 scale was the minimum practical probe size
for valid simulation; however, this resulted in probe models that were too smz21ll to
be completely simulated and an orbiter model that was too large for the available
high speed facilities. Therefore, a compromise tad to be made. It was decided to
divide the four probe pressures between the left and right probe models. Thus, Pg¢
and Py were placed on one probe, with Py and Py, oa the other. The orbiter model
size was reduced by eliminating the jortiom of tke vehicle aft of fuselage station
670, and replacing it with a boattail fairing. The resulting modrl was still too
large, so the scale was reduced to 0.l; hence, the high speed data (Mach > 0.25)
were obtained using two 0.2-scale probe models on a 0.l-scale crbiter forebod¥-only
model.

The validity of vsing a forebody-only model was subctantiated by testing a
complete orbiter 0.02—-scale wodel with flush pressure taps bracketing the probe
location. Wing-on ané wing-off comparisons showed essentially no influence at
these pressure ports.

For later verification tests, a 0O.l-scale probe was developed with a single
pressure tap for measuring static preesure; thus, to determine the static pressure
parameter, this probe was tested in coajunction with a 0.2-gcale probe that
measured the total pressure. ¢

ALT PROGRAM

¥

The ALT- program was conducted at the Dryden Flight Research Center, Edwards
Air Forcc 2ase, in August, September, and October, 1977. The program consisted of
five air launches from the Boeing 747 Shuttle carrier aircraft, three with a large
tailcone fairing clcsing off the fuselage base and the last two without the fair-
irg, thus simulating the operatiomal configuration. The tailcome-on flights
allowed about 5 minutes of free flight time. Less than half that time was asvail-
able with the tailcone removed.

The ADS was calibrated during ALT using the flight test probe (FTP) as a
reference. The FIP was a couventional noseboom, vhich was mounted on the orbiter
nose. It measured stagnation pressure through a total pressure head, static pres=-
sure through pressure ports on the barrel of the probe, and both angles of attack
and sideslip witi vanes. During ALT, the air data from FIP were also used by the
backup flight contrc! system (BFCS). There was no FTP installed for the OFT
program.
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OFT PROGRAM

The OFT program consisted of four £flights launched from the Kennedy Space
Center in 1981 and 1982. These flights were designated as test flights and tke
orbiter carried a wide variety of instruments designed to accurately measure its
performance. Much of the analysis performed on these flights, and the analysis ca
the data gathered by the flight test instrumentation, required an accurate source
of air data; thus, the ADS provided air data for the on-board systems and air dats
for postflight analysis. The latter required air data parameters that were mzre
accurate than those provided to the on~board systems.

During OFT, the accuracy of the ADS parameters was judged by comparison with
alternate data sources. Since these alternate sources are also subject to errors,
differences are not necessarily a measure of the ADS inaccuracy; however, if it is
assumed that the alternate data errors are random, any consistent bias error woul:
indicate an actual error in the ADS calibration. The altermate sources available
for the OFT flight program include a best estimated trajectory (BET) generated by
TRW, another BET generated by the Langley Research Center (LaBC), and a trajectory
based on phototheodolite tracking, generated by the Air Force Flight Test Center
(AFFIC). The primary cause of inaccuracy in these sources is that the parameters
are corrected for measured (jimsphere) winds, which differ in time and locatiom
from the actual winds. Of course, the ADS experiences the actual winds.

The OFT program had two primary ADS test objectives: verification of the
on-board GPC function, and refinement of the postflight ADS calibration for the
generaticn of high quality air data parameter time histories for postflight aero-
dynamic analysis.

GPC RESULTS

The G:'C air data parameters supplied to the on-board, flight control, guid-
ance, and navigation systems differ from the postflight derived parameters in
several regards. Or-board (GPC) parameters are provided at 1 sample per second,
whereas the postflight parameters are derived from transducer output pressures at
12 1/2 samples per second. The on-board calibration algorithms are simplified in
order to conform to the software limitation of 196 calibratiom coefficients, as
compared with approximately 600 coefficients used in the postflight calibratiom.
In addition, the on-board system employs a rate limiting function to avoid air dats
discontinuities in the Mach jump regions (Mach 1.4 and again near 1.0). Each of
these differences can contribute to l. s of accuracy.

Another possible error source is the on-toarc mechanization of the calibra—
tion. The system begins with tue previous Mach number (initially an assumed Mack
number) to enter the calibration equations, but does not iterate with a corrected
Mack number. Prior to SIS-1, it was analytically shown that the rate of change of
Mach number, and/or the calibration coefficients, was low enough to preclude a
significant error. This a2nalysis has been verifiad by flight results.
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Results from STS-1 through STS-4 have shown that the GPC functiomed satisfac—
torily and produced air data parameters well within the system accuracy reguire—
ments. Figures 4, 5, and 6 show the GPC output dynamic pressure, angle oI attack,
and Mach number for STS-4 compared with the ADS parameters. The latter have been
refined, as described in the following section, and are comsidered the best source
of air data. These figures show the flight region from approximately Mach 2.5 to
landing gear deployment. The maximum difference in dynamic pressure (about 9 psf)
is aporximately &4 percent, while the system accuracy requirement is 10 percent.
Similarly, the maximum difference in angle of attack is approximately 0.85 degree
as compared to the requirement of +2.0 degrees, and the maximum differemce iIn Mach
number is -0.063 compared with a requirement of #0.15 (21C percent). The cther air
data paramerers show similar differences. Comparisons using data from STS—% are
shown in the figures; however, results from the other flights are similar.

The maximum differences between the ADS parameters and the LaRC BET data are
shown in table I along with the system accuracy requirements. Only those parame-—
ters that have a specified requirement are presented. The table shows that the

accuracy achieved by the on-board GPC calibration is well within the system
requirements.

SUBSONIC POSTFLIGHT CALIBRATION

The subsonic postflight calibration was based on ALY flight results because
the FTP provided an accurate refcrence data source. Using limited data, imitial
analysis efforts showed that there were distinct differences between wind tunnel
and flight-derived calibrations. The wind tunnel static pressure calibration coef—
ficient (CPSD) was somewhat lower than that indicated by flight. The total pres-
sure calibration coefficient (CPTD) showed differences at low angles of attack, and
the angle-of-attack parameter (RAX) showed a bias of approzimately 1/2 degree.
These differences were applied to produce an initial flight calibratiom. Addition—
al analysis indicated that this initial calibration could be refined further.

A multiple linear regression technique was adapted for the refinement effort.
This is a least-squares technique used to derive a relation between one parameter
and several independent variables. In addition to this sophisticated analysis
tool, a computer program was developed that was capable of processing a very large

quentity of data. The regression analysis was applied to angle-of-attaczk, static
pressure, and total pressure.

The angle—of-attack analysis showed a dependence onc,a 2, and pitch rate.
The derived correction took the following form.

QCORR = Oppg ~ Ac

2
Aa = 0.2476 - 0.5853(QTERM) ~ 0.1033aapg + 0.00697aaps

(QTERM) = qr/VT
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This correction reduced the three-sigma dispersion in angle of attack from
about 3/4 degree to a little more than 1/2 degree. This is illustrated in
figures 7 and 8, which show the ADS angle of attack with and without the correcticn
nlotted against the FTP-measured angle of attack. Figure 9 shows the correction
(with zero pitch rate) plotted as a function of asmngle -f attack. It should be
noted that the practical limit for accuracy of flight test determined angle of
attack is probably between 1/4 and 1/2 degree.

The static pressure analysis began with determining the dependeance of the
calibration parameter, CPSD, on angle of attack, Mach number, and pitch rate. The
pitch rate dependence was shown to be insignificant, so the analysis continued
using Mach number and various powers of angle of attack. The final correction was
made consistent with the basic calibration equatiom, i.e., a polynomial equatiom
with CPSD as a functiom of Mach number and a fourth order function cf angle of
attack, as follows:

CPSDcoRr CPSD - ACPSD

ACPSD

- 4.843 x 1072 + 5.293 x 10™2 (Mypg)
+7.612 x 1073 (x,pg) - 1.933 x 1073 (zppg)?
+ 1.758 x 1074 (aupg)3 - 4.783 x 1076 (a4ng)

This correction reduced the three-sigma dispersion in CPSD from +0.04947 to
+0.0168. The significance in the equivalent airspeed uncertainty was to reduce the
static pressure contribution to the uncertainty from about 4 knots to 1.4 knots.
Figure 10 shows the ADS calibration coefficient with no corrections plotted against
that derived from the FTP. Figure 11 shows the ADS coefficient with corrections
epplied.

Total pressure was found to be the largest comtributor to the equivalent air-
speed uncertainty. The total pressure analysis followed the same steps as the
static pressure &and culminated in a calibration parameter (CPTD) corzection in the
same format as the basic calibration equatiom.

CPTDCORR - CPTD - ACPID
CPTD =  4.1242 x 102 + 6.2598 x 10™2 (M,pg)
- 8.3247 x 1073 (a,py) - 1.5937 x 1073 (wpg)?
+ 2.4879 x 104 (3,1g)3 - 8.0762 x 1076 (%,pg)4
This correction reduced the three-sigma dispersionm in CPTD from +0.0652 to
+0.01686. In terms of equivalent airspeed, it reduced the uncectainty from about
6 knots to about 1.5 knots. The ADS total pressure calibration coefficient is
plotted against that derived from the FIP before corrections were applied, as shown
in figure 12, and after corrections vere applied, as shown in figure 13. The dif-
ferences petween the wind tunnel and flight-derived calibrations are shown in

figures 14, 15, and 16. These figures show the ALT flight data with both tke wird
tunnel and flight-derived calibrations superimposed.
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Tiese corrections were applied tc zhe SIS flight data in the trajectory range
from ¥ech 0.6 to landirg gear. deplcyment. Prior to correction, the maximum differ-
ences a1 equivalent airspeed were about 10 knots when compared to the LaRC BET and
about : knots when compared to the AFFTC data. After the corrections were applied,
these {ifferences were reduceé to about & knots for the LaRC BET and about 2 knots
for the AFFIC data. Considering that the alternate sources are subject to wind
uncertzinties, the corrected 4DS equivalent airspeed is considered the most accu~
rate. Figures 17 and 18 show 2n example of these comparisons. Figure 17 compares
the ADS equivalent airspeed with tke 1,aRC BET before corrections, and figure 18
shows :ie same comparison after correctious.

TRANSONIC AND SUPERSONIC POSTFLIGHT CALIBRATIONS

The transonic and supersonic postflight calibrations were based entirely on
wind tmmel results. This calibration proved to be adequate for on-board use, but
in order to provide the bes: pessible air data for postflight znalysis, some
improvemect appeared appropriate.

In the trensonic range, the measured static Pressure experiences a rapid
change zt twc points: Mach 1.4 and near Mach 1.0. The rapid fluctuatioms are
shcwn ir figure 19. This figure shows a time history of the ADS static pressure
calibration coefficient compared with the coefficient derived using the freestream
static ;ressure, as provided by the LaRC BET. This example is for STS-2 and is
typical of 1ll the flights. The results of the system not precisely following the
rapid ctanges are discontinuities in the static pressure history. This is also
reflected in other parameters. For example, figure 20 shows the effect om Mach
number for STS-4. As a first approach to removing the discontinuities, a simple
linear izterpol-tion was used; bhowever, other aerodynamic analysis results indi-
cated that this method could be improved upon.

An zttempt was made to derive a calibration correction from the three alter-

nate souzces of air data for all four flights; however, no consisteat error pattern
could be determined.

As 1sed by the alternate data sources, the meterolcgical-measured static pres-
sure (Rawinsonde) is considered an accurate measure of static pressure. In fact,
it is corsidered more accurate than is possible with any conventional air vehicle
ADS, particularly within the ADS altitude range. Consequently, it was a logical
step to resolve the discoutinuities in the ADS static pressure, by simply substitu-
ting the neteorological static pressure for the ADS-determined static pressure.
This was done with the static pressure from the LaRC BET.

At kigher Mach npumbers (2.5 to 3.5), all four flights showed a consistent
negative 3ias in static pressure when compared vith either the LaRC BET or the TRW
BET, altbough the magnitude differed between flights and betweer™Bources. An
:xample from STS-4 is shown in figure 21. This bias was also resolved by substitu—
ting the static pressure from the LaRC BET.
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CONCLUSIONS

The calibratisn of the Space Shuttle orbiter ADS was a unique program to
derive an accurate system calibration without the becefit of an extensive flight
calibration program. The bulk of the calibraticn was derived from an extensive
wind tunnel test program and was combined with a limited amount of flight test
results. From the comprehensive wind tunmmel test program, angle of attack, static
pressure, and total pressure calibrations vere develcped arnd proved to be suffi-
ciently accurate to mzet the specified requirements.

Further refinements were developed from the flight prcgrams to produce the
best possible air data parameters for postflight analysis werk. From Mach 3.5 to
Mach 0.6, the meterological static pressure was substituted for that derived by the
ADS. From Mach 0.6 to landing gear deployment, corrections derived from a -regres-
sion analysis technique were applied to angle of attack, static pressure, and total
pressure. The entire ADS Mach number range is illustrated in figures 22 and 23,
which show an example of Mach mumber from the refined ADS (STS-4), compared with
that from the LaRC BET. Thne differences are small and cannot be congidered a

measure of accuracy since there is some uncertairty associsted with the reference
Bource.

To date, there has been no requirement to isolate the effects of groumd prox-
imity on the ADS parameters, although it is imcwn that there is a significant
effect, particularly in angle of attack. Corrent analysis work has shown that the
angle of attack derived from the inertial measurement unit (IMU) has been adequate.

In gemeral, the firal air data paramefrers are conridered an accurate represesn—
tation of the actual trajectories flown and are suitable for use in postflight data
analysis.

SYMBOLS AND ABBREVIATIORS

ADS air data system ~

ADTA sir data transducer assembly

AFFTC Air Force Flight Test Center

ALT approach and laading test

ARC Ames Resesrck Center

A/L approach aad landing

BFCS backup flight controi systex

CPSD static pressure decrement coeificient
CPTD total pressure decrement coefficient
FTP flight test probe

GN&C guidance, navigatiom, and coatrol
GPC general purpose computer

MO0 inertial mcasurement wumit

LsRC Langley Resezrch Center

LeRC Lewis Research Center

OFT orbital flight test

Pc probe center pressure

P, ’ probe lower pressure
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Py " probe-measured static pressure

Py probe upper pressure

P freestream static pressure

Pr, freestream total pressure

q pitchk rate (deg/sec)

r distance from the center-of-gravity
to the ADS probe (ft)

RAX angle-of-attack parameter

TAEM terminal area enmergy cmanagement

Ve equivalent airspeed (knots)

vr true airspeed (ft/sec)
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ORIGINAL PAGE IS
OF POOR QUALITY

TABLE I.-ADS PARAMETER PERFORMASCE

System Requirement Fost ! Maximur

Flighe Stringent { Difference
Air Data Phase A curacy Subsystem | With

Parameter Units Urilization Range (3ag) Bequirement | LaRC BET
Altitude ft TATM 10K to 100Kk 2102 Kavigaticn 42
Dynamic pressure psf (TAEM)/ (A/L) 90 to 375 +102 G&C 272
Mach number dim TAEM 0.6 to 2.5 +10% Gaidance 26X
A/L 0.25 to 0.6 +57 FCS 32
Trua airspeea fps TARM | 600 to 2500 +10% FCS +6%
A/L [ 250 to 600 »5% Guidance +32
Equivalent airspeed KTS (TAEM)/(A/L) 160 to 335 +57 Crew 442
Angle of attack deg (TAEM)/(A/L) ~4 to +20 »2° G&C : .1

_.', 1
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ORIGINAL PAGE 13
OF POOR QUALITY

TASLE II.-WI¥D TUMMEL PROGRAM (AIR DATA P20BE CAIZ3BATION)

“RBITER MODEL TESTS

Model Scale

- —— Mach
Test Jrbiter ! Prote Range Facilicry Purpcse I
CA=-22 . 0.03 . None 0.6+1.5 i ARC 1lx!}, x7 Presscre scrvey !
0A-143 i 3.03 | Scoe 0.25 ., Rocikwel. ML Presecre wurvey i
GCA-100 0.26 3.36% 0.25 ARC 40xD Develcpmer: é
na-164 ! 0.36 3.36% 0.25 ARC 4CxBO Developmerzt '
DA-174 ] 0.36 i 0.36 . 0.25 ARC 40x80 Verificatica !
! v
Ji-161A,B.C ! 0.03 i Yone . 0.6+3.5 ARC 11xl1, ¥x7, 3x7 Pressure and local |
! ! survey !
CA-220 ! 0.10 (forebody) | 0.20% P 03~1.1 | ARC laxls Transonic-scaled |
. ! probes
GA-224 0.10 (forebedy) 0.20 ! 0.2+1.3 LaRC 16—t :ransoric; Verificaticn
0a-228 C.10 (forebody) : 0.20 | 0.75 | Rockwell NAIL Static pressure
| ! comparison
24-237 j 9-10 (forebody) | 3.10, 0.20 | 0.25 ARC a0y 80 Scale and lockage
M-232 i 0.10 (forebody) 8.10, 6.20 , 9.2+1.3 AEDC 16T Scale md “lockage |
SA-221B,C 0.:0 (forebody) | 5.20 Prse3.s | aRc 9x7, exs Developgent I
CA-234 0.10 (forebody) 2.10, 0.2 ! 2.0~3.5 LcBC 10x10 Verificatica :
[ {
CA-238 0.10 (fnrrebody) £.10 j 0.25 Rockvell RAsL Scalel protes :
QA-Z518,C 0.10 {fo-ebody) 2.10, 0.20 -1.5+3.5 ARC 9x7, &x7 Ver:ficaticm
~
Other tests:
- OA-236 (ARC Rosemount 0.25 Roclwell YAsL Facilities
MAAL tunnel ! calibration
calibration comparison
probes)

*Also nose probe
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TABLE IiI.-WIND TUNNEL PROGRAM (PROBE-ALONE TESTS)

Test Probe Scale Mach Range Facility Purpose
0A-501 Full 0.2+0.95 Rosemount Preliminary development
0A-502 ' Full 1.5+3.50 AEDC D Preliminary development
0A-503* 0.36 0.15+0.30 Rosemount Scale developwent
0A-504 Full £.20+0.95 Rosemount Development
0A-505 Full 0.80~+1.50 AEDC IT Development
0A-506 Full 1.50+3.50 AEDC D Development
0A-507 0.36 0.20+0.95 Rosemount Scale development
0A-508 0.36 & full 0.20+0.95 Rosemount Verification
0A-509 0.20 0.20+0.95 Rosemount Scale development
0A-510 0.20 0.80~+1.50 AEDC 1T Scale development
0A-511 Full 0.20+0.95 Rosemount Verification
0A-512 Full 1.50+3.50 AEDC D Verificatiorn
0A-513 Full 0.80+1.50 AEDC IT Development
0A-514 Full 1.50+3,50 AFLC D Development
0A-515 0.20 1.50+3.50 AEDC D Scale
0A-516 Full 1.50+3,50 AEDC D Verification
0A-517 Full 0.20+0.95 Rosemount Verification

(qualification)
0A-518 0.10 0.20+0.95 Rosemount Verification
0A-519 0.10 0.80+1.50 AELC IT Verifii ation
0A-520* 0.36 noseboom 0.20+0.95 Rosemount Verification
*Includes noseboom tests.

Note: Wot in chronological order.
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8.85
Pa 075
/ 1.00
soo {—--9, -
7 ‘4 -]
5.50
P 0
TPS
/SURFACE
/
;
/
[/

Pc = CENTER PRESSURE (TOTAL)
F| = LOWER PRESSURE (o)

Py =UPPER PRESSURE (0}

Py = MEASURED STATIC PRESSURE

NOTE: PROBES CANTED 10 DEG
NOSE DOWN RELATIVE TO FRL

ADS (2 SIDES)
FS 299

WP 324

Figure 1.- ADS probe.

COMPUTE COMPUTE

Y0R8 [ RAX
COMPUTE
*« MACH NUMBER a0AB YW W Y
« DYNAMIC PRESSURE
« EQUIVALENT AIRSPEED

3
Plo| computE |
-]
COMPUTE |
TRUE
AIRSPEED Py
Py
PL

COMPUTE PTm
COMPUTE P
PRESSURE {* < PSw
ALTITUDE T
COMPUTE |
DENSITY

Figure 2.- ADY logic program.
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20RB (DEG) ORIGINAL RPaze 13
12 1620 24 OF POOR QUAL.TY

-4 0 4 8
-02 / N
Pe-PlTa
CPTD /— cPID= &= MACH =0.25
/ Pc-Pm
-o8 [
-0 &
0.32 . 20RB (DEG) 24
028} 0
™ P -P 16~
/ RAX= =Y
!/ Pc-12(P  +Py 12
CPSD 546} AN
PM—~Po 3
012~ cvsu:—PM _ 4
| c-Pm 11 1 1
0.08 -5 -4 y -1 o1 2
0.04 - RAX _ 4}
L L 1 1 1 i J -8L
-4 0 & 8 12 16 20 24
2oRe (DEG)

Figure 3.- Typical ADS calibration cnurves.

["svstem accunacy AEQUMEMENTS = = 10%
300t
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i 1 4

L
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TIME (SEC)
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-§ A, i i i i 1 1
800 50 900 950 1000 1050 1100 1150 1200
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1
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5 0 1s 19 ar 0s 04
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Figure 4.- STS-4 dynamic pressure comparison -
GPC and refined ADS calibration.
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igure 5.~ STS-3 angle-of-atzack comparison - GPC and refined ADS calitration.
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Figure 6.- STS-% Mach number comparison - GPC
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and refined ADS calibraticn.
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« ALT DATA /// ORIGRIAL PASE 18
12k * NO CORRECTIONS Y, OF| POOR QUALITY
/
e
D s
10} \/, p
a s
< S
< 81 // /
y
< st 4
Ve ///
7 s
ar // s
/7
2= 47
4
0 i 1 ! Il l . 1 1
0 2 4 6 8 10 12 14 16
ALPHA FTP

Figure 7.~ Angle-of-attack comparison - ADS and FTP (no corrections).
16

« ALT DATA
* CORRECTION INCLUDED FOR o, a2, q
14

12 ENVELOPE OF

DATA POlNTS\
s
’

7/

ALPHA ADS
o
|

Il | L I 1 1
8 10 12 14 16

ALPHA FTP

Figure 8.- Angle-of-attack comparison - ADS and FTIP (corrertions inclucded).
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9.31 QOF BCCR s 4
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0.1}

A o (DEG)

1
6 8 10 12 14 15

opaps (DES)

-03bk - NOTE: PITCH RATE=0

Figure 9.- Subsonic angle-of-attack correction.
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Figure 10.- Static pressure calibration coefficient
comparison -~ ADS and FIP (no corrections).
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Figure 11.- Static pressure calibration coefficient comparisor -
ADS and FTP (including corrections).
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Figure 13.- Total pressure calibration coefficient comparison -
ADS and FTP (includinrg corrections).
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Figure l4.- Comparison of wind-tunnel and flight-derived
static pressure calibrations (ALT flight data).
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Figure 15.- Comparison of wind-tunnel and flight-derived tocal
pressure calibration (ALT flight dzta).
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znd ALT results.
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Figure 18.- STS-1 equivalent airspeed comparison -
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Figure 19.- STS-2 transonic static pressure calibration
coefficient comparison - ADS and LaRC BET.
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Figure 20.- STS-4 transonic ADS Mach mumber showing discontinuities.
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